In this paper we propose a new class of sensitive and compact passive stress measurement pattern that uses the piezoresistivity of polysilicon. The proposed measurement pattern utilizes the resistance change of the beam that connects the structures moving in opposite directions. The unit structure is composed of a pair of bent beam actuators with apexes at their mid-points connected by a link beam. The bent beam actuators are 15 µm wide and 200 µm long, and are bent by 0.1 rad (0.7
Introduction
The residual stress measurement of thin films is an important aspect of characterizing the mechanical properties of materials for microstructures. Many different techniques have been developed to perform these measurements. Three different approaches can be taken to measure the residual stress of the thin film. One approach uses measurements of changes in the wafer curvature to calculate average film stress. Commercial instruments are available to measure wafer curvature using lasers and to compute the stress.
Another approach depends on the deformation produced by external loading in specially designed structures to calculate material properties. Examples of these structures are the load-deflection of composite membranes [1] , electrostatic pull-in of bridges [2] , and frequency of measurements of resonant microstructures [3, 4] . The third approach uses strain sensors that are designed to operate passively. Passive strain sensors include a bridge and rings that buckle under compressive and tensile stresses, respectively [5] . They also include T-shaped structures with wide, long center beams, and bridges with an intermediate lateral displacement that rotate a long pointer when deformed [6, 7] . These strain sensors are attractive since they can provide a quantitative read-out from an observation of the deformation under a microscope. However, they occupy a large area on the wafer and also limit spatial resolution with the exception of the buckling beams and bridges. Buckling bridges and rings require the use of many copies to achieve an adequate range and resolution. The precision of measurements is reduced by slight imperfections in the material and geometry of the device, which make buckling a continuous function of residual stress rather than a threshold function. Also, optical read-out makes the strain sensor useless for post-packaging read-out, thus eliminating many conceivable applications.
To overcome the demerits of the conventional test patterns, a new class of sensitive and compact passive stress measurement pattern has been developed that uses the piezoresistivity of polysilicon. The proposed new method is accurate and measurements are easy. It is shown that tensile and compressive residual stress levels of about 10 MPa, corresponding to strains below 6 × 10 −5 , can be measured by using a 40 µm thick test pattern of polysilicon. Additionally, electrical measurements allow this pattern to be suitable for post-packaging stress monitoring. Figure 1 shows a schematic diagram of the proposed test pattern. The proposed measurement pattern utilizes the resistance change of the central beam that connects the structures moving in opposite directions. The unit structure is composed of a pair of bent beam actuators with apexes at their mid-points connected by a link beam. Before the release, the pattern does not move because the structure is attached to the sacrificial oxide. But the pattern moves due to the residual stress after the sacrificial oxide is etched. If the residual stress is generated on the proposed test pattern, the unit structures make the central beam of the pattern longer because the unit structures are placed in opposite directions. This length change results in the resistance change of the central beam. The stress measurement using this pattern is performed by measuring the resistance before and after the release of the test pattern.
Design
To obtain the maximum resistance change of the central beam of the test pattern, the bent beam actuator is analyzed. The model of the bent beam actuator was developed in [8] . From [8] , the relationship between the length change and the stress of the bent beam is given in equation (1) 
where L is the change in L which is the difference between the actual length of the beam and its projected length along the x-axis, and w and h are the width and height of the bent beams, respectively. The displacement of the bent beam actuator is 0.1 µm from equation (1) where L = 100 µm, w = 5 µm, h = 40 µm and E = 160 GPa of polysilicon. To determine the angle and the width of the central beam connecting the unit structure, the maximum length change is estimated according to the angle of the central beam using the ANSYS simulation. To do this, the temperature variation is applied to the simulation in place of the residual stress. We adopt equation (2), which relates the residual stress and the temperature variation
where T is the temperature variation, E is Young's modulus, α is the thermal expansion coefficient and σ is the residual stress.
The angle between the link beam and the central beam is the dominant parameter for the maximum length change of the central beam. The simulation gives an angle of 0.7 rad to achieve the maximum length change of the central beam.
Other parameters, such as the width of the link and central beams and the distance between two link beams, are also estimated or determined to achieve the maximum resistance change. The simulation result of the distance between two link beams is shown in figure 2 . The maximum change of resistance is 0.75% per 10 MPa.
Fabrication
The proposed stress measurement pattern is fabricated by a standard surface micromachining process. The fabrication process flow is shown in figure 3 . At first, 2 µm of silicon dioxide is deposited for the sacrificial layer. On to this oxide, • C for 1 h using POCl 3 as a dopant source. (c) Polysilicon, 40 µm thick, is grown in an epitaxial reactor. Afterwards, the polysilicon surface is becomes too rough to make the structure so that CMP is performed. The second doping for the structure is performed at 950
• C for 1.5 h. Wafers of different residual stresses are prepared by changing the annealing condition. The residual stresses of the prepared wafers are 10, 84 and 146 MPa. (d) Au metal is evaporated on the wafer and patterned to make the probing pad using the lift-off process. A DRIE process is used to define the 40 µm thick polysilicon layer. (e) The structure is released using a solution of 49% HF and IPA, and the DDMS material is coated to prevent stiction in use.
5000Å of LPCVD polysilicon is deposited for the seed layer. A doping process is performed at 950
• C for 1 h using POCl 3 as a dopant source. Then polysilicon, 40 µm thick, is grown in an epitaxial reactor. After this, the polysilicon surface becomes very rough so that chemical mechanical polishing (CMP) is performed. The second doping for the structure is performed at 950
• C for 1.5 h. Wafers with different residual stresses are prepared by changing the annealing condition. The residual stresses of the prepared wafers are 10, 84 and 146 MPa. A gold (Au) metal is evaporated on the wafer and patterned to make the probing pad using the lift-off process. A deep reactive ion etching (DRIE) process is used to define the 40 µm thick polysilicon layer. Finally, the structure is released using a solution of 49% hydrofluoric acid (HF) and isopropyl alcohol (IPA), and the dichlorodimethylsilane (DDMS) material is coated to prevent stiction in use [9] . The fabricated stress measurement pattern is shown in figure 4. 
Results and discussion
A HP 4155 and a probe station are used to measure the currentvoltage (I -V ) characteristics before and after the release of the stress measurement pattern. To estimate the resistance of the test pattern, the current is measured by a sweeping voltage from 0 V to 5 V with an incremental step of 10 mV. The wafer curvature after the DRIE process for the structure is measured by a TENCOR strain gauge for the residual stress of the wafer before the release. The residual stresses of the wafer are 10, 84 and 146 MPa. After the release of the wafer, the resistance is measured in the same way as mentioned above. To characterize the proposed test pattern, the measured results are shown according to the distance between the unit structures, the thickness of the link beam and the thickness of the central beam. These parameters are dominant factors for the sensitivity of the proposed stress measurement pattern. The resistance change according to the distance between the unit structures is shown in figure 5 . The resistance change is higher as the distance is narrower because the resistance of the central beam between narrow distances is small. Figure 6 shows the resistance change according to the thickness of the link beam, and the change of the resistance according to the thickness of the central beam is shown in figure 7 . From these two figures, it can be seen that the resistance change is higher as the thickness of the beams is thinner. The maximum resistance change is achieved at conditions of 250 µm for the distance between unit structures, 5 µm for the link beam thickness and 5 µm for the central beam thickness. The maximum resistance change is 0.83% for the stress of 10 MPa.
The proposed test pattern shows the feasibility of the electrical measurement for the polysilicon stress evaluation. The polysilicon used in our study has a piezoresistive coefficient that is uniform among the wafers. The resistance change can be calculated as a function of the membrane or cantilever beam stress using equation (3
Electrical residual stress characterization using bent beam actuators where σ l is the longitudinal stress component, i.e. the stress component parallel to the direction of the current, σ t is the transversal stress component, i.e. the stress component perpendicular to the direction of the current, π l is the longitudinal piezoresistance coefficient, and π t is the transversal piezoresistance coefficient. The piezoresistance coefficient of polysilicon can vary widely. Even two polysilicon films with similar grain structures can have quite different sensitivities. The piezoresistance is determined by the grain size, the crystal orientation of the grains, the doping concentration, and the type and the trapping density at the grain boundary. Therefore any changes in processing can lead not only to a change in intrinsic stress but also to a change in the piezoresistive coefficients. So the resistance change of the proposed test pattern is dependent on the environment of the polysilicon process. To use this pattern for polysilicon stress evaluation, the resistance change has to be extracted first for a specific process. If the characteristics of the resistance change according to the applied stress, the test pattern is used for the stress evaluation as mentioned here.
Conclusion
A new residual stress measurement pattern using I-V characteristics of bent beam actuators is proposed, designed and fabricated by using ANSYS simulation and the standard surface micromachining process. The developed test pattern is based on the piezoresistivity of polysilicon. The characteristic of the proposed test pattern is analyzed for the maximum resistance change condition. Among the given split conditions determined by ANSYS simulation, the test pattern with a distance of 250 µm between unit structures, a 5 µm thick link beam and a 5 µm thick central beam shows the maximum resistance change of 0.83% at a stress of 10 MPa. Additionally, since this pattern is based on electrical measurements, it is suitable for post-packaging stress monitoring.
